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Background. Age is an important risk factor for perioperative cerebral complications such as
stroke, postoperative cognitive dysfunction, and delirium. We explored the hypothesis that
intraoperative cerebrovascular autoregulation is less efficient and brain tissue oxygenation
lower in elderly patients, thus, increasing the vulnerability of elderly brains to systemic
insults such as hypotension.
Methods. We monitored intraoperative cerebral perfusion in 50 patients aged 18–40 and 77
patients .65 yr at two Swiss university hospitals. Mean arterial pressure (MAP) was
measured continuously using a plethysmographic method. An index of cerebrovascular
autoregulation (Mx) was calculated based on changes in transcranial Doppler flow
velocity due to changes in MAP. Cerebral oxygenation was assessed by the tissue
oxygenation index (TOI) using near-infrared spectroscopy. End-tidal CO2, O2, and
sevoflurane concentrations and peripheral oxygen saturation were recorded continuously.
Standardized anaesthesia was administered in all patients (thiopental, sevoflurane,
fentanyl, atracurium).
Results. Autoregulation was less efficient in patients aged .65 yr [by 0.10 (SE 0.04;
P¼0.020)] in a multivariable linear regression analysis. This difference was not
attributable to differences in MAP, end-tidal CO2, or higher doses of sevoflurane. TOI was
not significantly associated with age, sevoflurane dose, or Mx but increased with
increasing flow velocity [by 0.09 (SE 0.04; P¼0.028)] and increasing MAP [by 0.11 (SE 0.05;
P¼0.043)].
Conclusions. Our results do not support the hypothesis that older patients’ brains are more
vulnerable to systemic insults. The difference of autoregulation between the two groups
was small and most likely clinically insignificant.
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When confronted with perioperative cerebral complications
such as stroke, delirium, or postoperative cognitive dysfunc-
tion (POCD), often intraoperative hypotension, insufficient
intraoperative cerebral perfusion, or both are assumed.
However, the data on associations between intraoperative
hypotension, stroke, delirium, and POCD are contradictory. A
recent review reports that only 9% of perioperative strokes
can be attributed to hypoperfusion.1 Gustafson and col-
leagues2 reported that intraoperative hypotension was associ-
ated with postoperative delirium in patients undergoing repair
of hip fractures, whereas Marcantonio and colleagues3 found
intraoperative hypotension not to be associated with post-
operative delirium. Moller and colleagues4 were not able to
demonstrate a role of perioperative hypotension in the devel-
opment of POCD. However, in cardiac surgery, hypotension has
been shown to be associated with POCD,5 and intraoperative
cerebral desaturation has been linked to POCD in cardiac6
and non-cardiac surgery.7 In contrast, age has clearly been
shown to be an important risk factor for all the perioperative
cerebral complications discussed above.1 8 9
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Cerebrovascular autoregulation is a key defence mechan-
ism of the brain against hypo- and hyperperfusion. There are
only few data on the effects of age on cerebrovascular auto-
regulation in volunteers, again with controversial results.10 11
To the best of our knowledge, there are no data comparing
intraoperative cerebrovascular autoregulation in anaesthe-
tized patients of different age groups. If autoregulation
fails, the brain will compensate the reduction in cerebral
blood flow by increasing oxygen extraction. Near-infrared
spectroscopy (NIRS) allows us to non-invasively measure
brain tissue oxygenation, a surrogate marker of the cerebral
oxygen extraction fraction.12 Hence, to some extent, it is
possible to non-invasively characterize the vulnerability of
the cerebral perfusion to systemic insults such as hypoten-
sion or hypoxia by monitoring autoregulation and cerebral
oxygenation.
We explored the hypothesis that cerebrovascular pressure
autoregulation during anaesthesia is less efficient and that
cerebral oxygenation is lower in elderly than in younger
patients. Furthermore, we addressed the question whether
such a difference could be attributed to anaesthetic man-
agement, i.e. differences in mean arterial pressure (MAP),
end-tidal CO2 (E′CO2 ), or the dose of volatile anaesthetic
that is administered during the procedure.
Methods
The study was approved by the Regional Ethical Committees
of Basel and Lausanne, and all patients gave written
informed consent before participation. The study is regis-
tered with www.clinicaltrials.gov (NCT00512200).
Patients aged 18–40 or .65 yr and undergoing elective
major surgery were eligible for inclusion. Two groups of
patients with a non-overlapping range of age were chosen
deliberately in order to compare young patients with a pre-
sumed normal cerebrovascular pressure autoregulation to
elderly patients with a potentially less efficient autoregula-
tion. Exclusion criteria were cardiac surgery, neurosurgery,
carotid endarterectomy, any cranial or other surgery preclud-
ing the use of NIRS or transcranial Doppler (TCD), a history of
cerebrovascular disease or any intracranial pathology, a pre-
operative Mini-Mental Score ,24, and long-term psychiatric
medication. Some of the elderly patients also participated
in a trial exploring the pathophysiology of POCD. All patients
received a standardized anaesthetic regimen consisting of
thiopental for induction (3–5 mg kg21), sevoflurane, fenta-
nyl, and atracurium. All other aspects of anaesthetic man-
agement including dosing of sevoflurane and fentanyl and
arterial pressure or E′CO2 targets were left to the discretion
of the anaesthesiologist in charge of the patient. The clini-
cian was not aware of the perfusion monitoring data. No
BIS monitoring was used, as this is not standard procedure
at either institution.
MAP was measured continuously using a plethysmo-
graphic device (Finometer Model-2, Finapress Medical
Systems B.V., Amsterdam, The Netherlands). As the position
of the finger on which the measurement is performed may
be above or below the right atrium, a correction factor
obtained by comparing MAP with that measured by a stan-
dard arterial pressure cuff at the beginning of the procedure
was added or subtracted as appropriate. After induction of
anaesthesia, bilateral TCD probes (MultiDop T; Compumedics
DWL, Singen, Germany) were fixed to the head of the
patients with a head rack and adjusted until a clear signal
from the middle cerebral artery was obtained. Bilaterally,
the optodes for the NIRS device (NIRO-200, Hamamatsu
Photonics, Solothurn, Switzerland) were applied to the fore-
head of the patient and covered with an opaque fabric to
avoid interference of ambient light with our measurements.
The tissue oxygenation index (TOI) was used as a marker
of cerebral oxygenation. All other variables (E′CO2 , E′O2 ,
E′Sevoflurane, peripheral oxygen saturation, and oesophageal
or rectal temperature) were downloaded continuously from
the anaesthesia machine [Datex-Ohmeda ADU AS3, GE
Medical Systems (Schweiz) AG Glattbrugg, Switzerland].
Data collection and analysis
For data collection and analysis, ICM+ software was used.13
Waveforms were sampled from the analogue output of the
MAP and TCD monitors at 30 Hz and digitized (12 bits)
using an analogue-to-digital converter (DT 2814, Data Trans-
lation, Marlborough, CA, USA). Using time-wave integration,
mean values for MAP and mean flow velocity (FVm) were cal-
culated every 10 s. Data from all other monitors were
sampled at 1 Hz. Cerebrovascular pressure autoregulation
was characterized by the index Mx14 which was calculated
every 60 s as the moving linear correlation coefficient
between the last 30 consecutive values of MAP and FVm,
that is, a 5 min moving time-window was used. Data from
both hemispheres were averaged. This method has been vali-
dated against other methods used to determine autoregula-
tion.15 – 18 Its strength is the possibility to use spontaneous
fluctuations in MAP to characterize autoregulation rather
than inducing changes in MAP pharmacologically or
through manoeuvres such as compression of the carotid
artery or bilateral thigh cuffs, which are not suitable for the
intraoperative setting. Furthermore, it allows a quantitative
statement regarding efficiency of autoregulation. Higher
values of Mx denote less efficient autoregulation. As we
excluded patients with a history of cerebrovascular disease,
in patients in whom only a unilateral Doppler signal was
available, data from this hemisphere were used instead of
the averaged value from both hemispheres. Induction and
emergence were excluded from analysis, as artifacts due to
manipulations during intubation and the highly variable
arterial CO2 during induction and emergence preclude collec-
tion of interpretable data. During surgery, electrical cautery
accounts for most artifacts. These are easily recognizable
and were removed and also any other artifacts offline after
completion of the data recording. Mx has a relatively low
signal-to-noise ratio. Therefore, to ensure a valid measure-
ment, data sets were excluded if after artifact removal, Mx
data were not available for at least 25 min. For analysis of
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the effects of sevoflurane on autoregulation, we calculated
the age-corrected minimum alveolar concentration (MAC)
for each patient based on the formula developed by Maple-
son19 and used this to transform the measured E′Sevoflurane
concentration to an age-corrected MAC equivalent. For all
patients, we calculated the maximal intraoperative cerebral
desaturation as the maximal difference between the initial
TOI values and the lowest intraoperative 1 min average
value of TOI in either hemisphere.
Statistics
As our primary endpoint was autoregulation, we calculated
the sample size based on normocapnic volunteer data18
and the assumption that a difference in Mx .0.15 between
the two groups is clinically significant. This assumption is
based on data from healthy volunteers demonstrating an
interhemispheric difference of Mx [mean (standard deviation,
SD)] of 0.07 (0.07).20 Two groups of at least 32 patients each
result in a power of 90% (a¼0.05). To allow for insufficient Mx
data, that is, ,25 min, due to artifacts or inability to obtain a
valid Doppler signal, we decided to recruit at least 50
patients for each group. At the time we finished recruiting,
patients aged 18–40, data from 77 elderly patients were
available. Data from all elderly patients were included.
Summary statistics are given as mean (SD) or median [inter-
quartile range (IQR)] as appropriate.
The difference in autoregulation between elderly and
young people was modelled using a linear regression analy-
sis adjusted for gender, MAP, E′CO2 , and the age-corrected
MAC equivalents of sevoflurane. The difference in TOI
between the age groups was also modelled using linear
regression analysis adjusted for gender, MAP, FVm, E′CO2 ,
E′O2 , and the age-corrected MAC equivalents of sevoflurane.
The model assumptions of both linear regression models
were checked by plotting the standardized residuals and by
using the Breusch–Pagen test for heteroscedasticity. The
model excluding influencing observations has been com-
pared with the full model.
The numbers of cerebral desaturations in both age cat-
egories were compared using Fisher’s exact test. Data are
reported as means (SD) unless otherwise indicated.
Results
After excluding data sets with an insufficient duration of
valid autoregulation measurements, 42 data sets of the 50
patients aged 18–40 yr and 62 data sets of the 77 patients
aged 65 yr or older remained. In two younger and 16 older
patients, TCD data from only one hemisphere were available.
The patient characteristics are shown in Table 1.
In a multiple regression analysis including age, gender,
MAP, E′CO2 , and MAC equivalents of sevoflurane, only age
had a significant effect on Mx (Table 2, Fig. 1). This
changed only minimally after excluding the three most influ-
encing observations. One important factor that may alter
autoregulation is the presence of hypertension (Table 1).
There were no untreated hypertensive patients in our
groups. Mx was slightly higher in patients with hypertension,
but the difference did not reach statistical significance (0.450
Table 1 Patient characteristics. E′, end-tidal; FIO2 , fraction of inspired O2; FVm, mean flow velocity; MAC, minimum alveolar concentration; MAP,
mean arterial pressure; Mx, index of cerebrovascular autoregulation; SpO2 , peripheral oxygen saturation; TOI, tissue oxygenation index. Data are
presented as median (range), or mean (SD) except sevoflurane concentrations which are median (IQR)
All patients Patients ≤40 yr Patients ≥65 yr
n (%) 104 42 (40) 62 (60)
Age (yr) 34 (18–40) 72 (65–92)
Females (%) 45 (43%) 24 (57%) 21 (34%)
Hypertension (n) 36 2 34
Diabetes mellitus (n) 5 0 5
FIO2 0.55 (0.06) 0.56 (0.07) 0.55 (0.05)
SpO2 (%) 98 (93–100) 98 (93–100) 98 (97–100)
E′O2 0.49 (0.06) 0.49 (0.07) 0.49 (0.04)
E′CO2 4.6 (0.3) 4.8 (0.3) 4.6 (0.3)
E′Sevoflurane (%) 1.82 (0.26) 1.94 (0.21) 1.75 (0.27)
Sevoflurane MAC equivalents 1.10 (0.99–1.24) 1.01 (0.95–1.10) 1.19 (1.09–1.32)
Heart rate (beats min21) 68 (12) 71 (14) 66 (10)
MAP (mm Hg) 76 (11) 76 (13) 75 (10)
FVm (cm s21) 43 (16) 47 (14) 41 (17)
Mx 0.462 (0.174) 0.412 (0.181) 0.500 (0.163)
TOI (%) 67.9 (5.8) 69.5 (5.7) 66.8 (5.7)
Desaturation (%) 6 (4–12) 6 (2–12) 7 (4–14)
Desaturation .13% [n (%)] 23 (22) 7 (17) 16 (26)
Desaturation .20% [n (%)] 11 (11) 1 (2) 10 (16)
Body temperature (8C) 35.9 (0.5) 36.0 (0.4) 35.8 (0.5)
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vs 0.462; P¼0.31). Intraoperative MAP was similar in patients
with and without hypertension: 75 (10) and 75 (12) mm Hg,
respectively.
The regression model investigating TOI shows that FVm
and MAP influenced cerebral oxygenation but not age or
autoregulation (Table 3, Fig. 2). We found intraoperative
desaturations, that is, TOI values lower than baseline in
younger and older patients (Table 1). While desaturations
to at least 213% of baseline were observed more frequently
in the older patients, this difference did not reach statistical
significance. However, older patients show significantly more
desaturations to 20% or more below baseline than younger
patients (P¼0.047).
Discussion
We found significantly less effective cerebrovascular auto-
regulation in older compared with younger patients under-
going elective surgery under sevoflurane-based
anaesthesia. We also found lower values for cerebral oxygen-
ation measured by NIRS in the older group of patients.
However, this difference was not due to age but rather
FVm and MAP.
The most important question is whether the difference in
autoregulation we found is clinically relevant. While our
protocol was not designed to answer this question, some
inferences from volunteer data may be made. In healthy vol-
unteers, the difference in Mx between the left and the right
hemispheres was 0.07 (0.07).20 In our patients, we found
similar differences of Mx between the two hemispheres:
0.01 (0.08) in the younger and 0.01 (0.09) in the older
patients. As all these data were collected in patients
without known intracerebral or cerebrovascular pathology,
this could also imply that an interindividual difference of
Mx in the range of 2 SDs of the interhemispherical differences
cited above, that is, 0.18 is normal. This would suggest that
despite statistical significance, the difference in Mx we
found between younger and older patients (0.09) is clinically
not relevant. In contrast, the Mx values we found intraopera-
tively are considerably higher in the younger [Mx: 0.41 (0.18)
at 4.8 kPa of E′CO2 ] and older patients [Mx: 0.50 (0.16) at 4.6
kPa of E′CO2 ] than in awake healthy volunteers [Mx: 0.21
(0.16) at 5.8 kPa of E′CO2 ].
18 This suggests that under
sevoflurane-based anaesthesia, cerebral perfusion in the
older and in the younger patients may be more vulnerable
to hypotension than in awake volunteers. Ideally, we would
have collected data on Mx in all our patients before induction
of anaesthesia. However, such a measurement would have
to be made before induction of anaesthesia and requires
1 h, which is unfortunately not compatible with the surgical
scheduling at our institutions. Alternatively, measurements
could have been repeated several days or perhaps even
weeks after surgery to avoid effects of analgesic and other
drugs. In both instances, the data would be difficult to inter-
pret as it is unlikely that the same arterial pressure, and par-
ticularly the same E′CO2 , is present during measurements
performed intraoperatively and before or after operation.
Autoregulation is strongly influenced by vascular tone.21
The arterial partial pressure of CO2 (PaCO2 ) affects vascular
tone in the segments of the cerebral vascular bed that are
responsible for autoregulation. Increases in PaCO2 not only
narrow the plateau of the autoregulatory curve,21 but also
the rate at which the cerebral resistance vessels react to
changes in MAP is decreased,22 and Mx is increased,18
suggesting less efficient autoregulation. The opposite
effects occur with decreases in PaCO2 . To address the
problem of the interaction between PaCO2 and autoregula-
tion, we again decided to rely on data obtained from
healthy volunteers by the Cambridge group.18 The Mx
Age (yr)
















Fig 1 Age and autoregulation. Higher values of Mx represent less
efficient autoregulation.
Table 2 Univariate and multivariable analysis of autoregulation (n¼104). E′, end-tidal; MAC, minimum alveolar concentration; MAP, mean
arterial pressure
Covariates Univariate analysis Multivariable analysis
Coefficient (95% CI) P-value Coefficient (95% CI) P-value
Age (elderly vs young) 0.08 (0.02; 0.15) 0.015 0.10 (0.02; 0.18) 0.020
Gender (female vs male) 20.06 (20.13; 0.01) 0.098 20.04 (20.11; 0.03) 0.287
MAP (per 1 mm Hg increase) 20.00 (20.01; 0.00) 0.061 20.00 (20.01; 0.00) 0.055
E′CO2 (per 1 kPa) increase) 0.00 (20.10; 0.11) 0.937 0.05 (20.05; 0.16) 0.309
MAC equivalent (per 1 unit increase) 0.04 (20.17; 0.24) 0.730 20.08 (20.30; 0.14) 0.454
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values we measured were higher than those of healthy nor-
mocapnic volunteers,18 suggesting less efficient autoregula-
tion both in the younger and older patients in comparison
with awake volunteers.18 Moreover, in our data, E′CO2 was
lower (4.6 kPa) than in the volunteer study cited above (5.8
kPa).18 At comparable E′CO2 , the difference between volun-
teers and our patients would be even larger for the reasons
outlined above. One possible explanation for the difference
in Mx between volunteers and patients is an effect of sevo-
flurane. Mx is an index of dynamic autoregulation, and
while static autoregulation seems to be quite robust even
with higher sevoflurane concentrations than we used,23 it
has been previously shown that dynamic autoregulation is
impaired by sevoflurane at lower concentrations and also in
the range of concentrations present in our patients.24 Apart
from sevoflurane, hypertension could shift the autoregula-
tory curve to the right and have an impact on Mx. Pre-
existing hypertension was not associated with higher
values of Mx [mean difference between no hypertension
and hypertension: 20.04 (95% CI 20.11; 0.03; P¼0.31)].
While there are sufficient data to make an effect of a pre-
existing hypertension on our results unlikely, only five
patients (5%, all belonging to the older age category) were
diabetics and an analysis of the effect of this condition,
which has been shown earlier to interfere with autoregula-
tion,25 is not possible with our data. However, there are
many factors, our protocol did not control for, that could
have an impact on autoregulation such as concomitant
medication.
The small significant difference in TOI between younger
and older patients as indicated by univariate analysis was
not confirmed by the multivariable analysis. However, there
were significant associations with FVm and MAP. The signifi-
cant association with FVm is not surprising. TOI is a surrogate
marker of oxygen extraction, and in our patients, oxygen
extraction will most likely depend exclusively on delivery,
that is, cerebral blood flow (CBF) or its surrogate marker
FVm. In our patients, E′O2 was adequate and cerebral meta-
bolic rate of oxygen was reduced due to the volatile anaes-
thetic, making an increased demand or insufficient O2
transport highly unlikely. The association of TOI with MAP
we found in our patients is interesting, as it supports an
impairment of autoregulation as discussed above and,
hence, vulnerability to hypotension; for younger and older
patients alike. In our patients, boluses of ephedrine and
phenylephrine and infusions of norepinephrine were used
as deemed necessary by the anaesthesiologist in charge of
clinical management. The effects of vasopressors on cerebral
oxygenation are controversial. Earlier work failed to show an
effect of norepinephrine26 or ephedrine27 on cerebral hae-
modynamics in awake healthy volunteers. Recently, it has
been suggested that in awake healthy volunteers, norepi-
nephrine may decrease FVm and cerebral oxygenation.28
However, the results of that study could also be explained
by variations in PaCO2 rather than norepinephrine alone.
29
Phenylephrine but not ephedrine has also been shown to
decrease cerebral oxygenation.30 Unfortunately, no CO2
data are reported in that publication. In all experiments
investigating changes in CBF or FVm induced by drugs,
MAP, or other interventions such as hypothermia, the
control of PaCO2 is crucial. With normal cerebrovascular CO2
reactivity in the range of 15–20% kPa21,31 even small
Age (yr)

















Fig 2 Age and cerebral TOI. Higher values of TOI indicate lower
cerebral oxygen extraction.
Table 3 Univariate and multivariable analysis of cerebral tissue oxygenation (n¼104). E′, end-tidal; FVm, mean flow velocity; MAC, minimum
alveolar concentration; MAP, mean arterial pressure; Mx, index of cerebrovascular autoregulation
Covariates Univariate analysis Multivariable analysis
Coefficient (95% CI) P-value Coefficient (95% CI) P-value
Age (elderly vs young) 22.73 (25.00; 20.46) 0.019 21.86 (24.64; 0.92) 0.186
Gender (female vs male) 0.88 (21.42; 3.18) 0.448 20.02 (22.39; 2.36) 0.989
MAP (per 1 mm Hg increase) 0.11 (0.01; 0.21) 0.036 0.11 (0.00; 0.21) 0.043
E′CO2 (per 1 kPa increase) 4.24 (0.91; 7.57) 0.013 1.65 (22.04; 5.34) 0.376
E′O2 (per 1 kPa increase) 0.06 (20.14; 0.26) 0.563 0.09 (20.11; 0.29) 0.358
FVm (per 1 cm s21 increase) 0.11 (0.04; 0.18) 0.003 0.09 (0.01; 0.16) 0.028
Mx (per 1 unit increase) 20.63 (27.21; 5.95) 0.850 0.12 (26.76; 6.99) 0.973
MAC equivalent (per 1 unit increase) 22.42 (29.16; 4.32) 0.478 0.41 (27.00; 7.82) 0.913
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differences in PaCO2 may lead to changes in CBF and FVm that
are larger than the effects of the intervention in question.
Since we averaged our data over the duration of the surgical
procedure, it is not possible to analyse the effect of the vaso-
pressors that were used on cerebral oxygenation. As with Mx,
a comparison with an awake TOI value would have been
interesting. However, our patients were premedicated with
benzodiazepines, and due to organizational limitations, we
were unable to obtain values before premedication. Intrao-
perative cerebral desaturations, that is, decreases in TOI,
occurred in younger and older patients. The threshold at
which desaturations become clinically relevant is controver-
sial. One group showed that a change of 213% is relevant
when EEG data are analysed;32 another group found a
threshold of 220% to be associated with clinical
changes.33 Both studies were performed in patients under-
going carotid endarterectomy. Interestingly, we could not
identify clear causes for the desaturations in most of our
patients. Only in three patients who had TOI desaturations
.20%, this happened concomitantly with a hypotensive
episode. One of these three patients was younger than 40
yr and had short-lived decreases in MAP to ,50 mm Hg.
More data are needed to explore the pathophysiology of
intraoperative desaturations and to define their clinical rel-
evance and relevant thresholds for patients undergoing
general surgery.
Limitations
Our study has several limitations. We decided not to use BIS
monitoring for our study. This monitor is not part of standard
monitoring at our institutions, and in many patients, it would
have been impossible to correctly place the sensors for TCD,
NIRS, and BIS monitoring due to the limited amount of space
on the forehead. Had we used BIS monitoring, many patients
would probably have received lower doses of sevoflurane.
However, it is not clear, whether this would have influenced
our results.
Our data were averaged over the complete duration of the
procedure. This precludes any statement on short-term
changes in autoregulation. However, the method we used
is not suitable to investigate short-term changes in auto-
regulatory efficiency. It depends on a minimal duration of
25 min over which measurements have to be averaged. A
further drawback of our method is the inability to discrimi-
nate between worsening of autoregulation and intraopera-
tive arousal of the patient. Such an event would be
characterized by an increase in FVm and most likely an
increase in MAP, which with our method would result in an
increase in Mx. However, in view of the rather high sevoflur-
ane concentrations that were used and the fact that we aver-
aged our data over longer periods, we assume that the
relatively high values we report are not due to intraoperative
arousal but represent autoregulation.
All our patients were haemodynamically reasonably
stable and the variability of E′CO2 and E
′
Sevoflurane was limited
as well. This precludes extrapolation of our results to patients
with marked intraoperative instability. Finally, our results
cannot be extrapolated to patients anaesthetized with
other volatile agents or propofol.
In summary, despite the fact that our data show statisti-
cally significant differences in cerebral autoregulation
between younger and older patients under sevoflurane-
based anaesthesia, these differences are small and of
questionable clinical significance. The cerebral TOI was not
significantly influenced by age. These data suggest that
there is no fundamental difference in intraoperative cerebral
perfusion between younger and older patients that could
explain the effect of age on the risk for perioperative cerebral
complications.
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